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(57) ABSTRACT 

Systems and methods in accordance with embodiments of the 
invention implement a lithium-based high energy density 
flow battery. In one embodiment, a lithium-based high energy 
density flow battery includes a first anodic conductive solu- 
tion that includes a lithium polyaromatic hydrocarbon com- 
plex dissolved in a solvent, a second cathodic conductive 
solution that includes a cathodic complex dissolved in a sol- 
vent, a solid lithium ion conductor disposed so as to separate 
the first solution from the second solution, such that the first 
conductive solution, the second conductive solution, and the 
solid lithium ionic conductor define a circuit, where when the 
circuit is closed, lithium from the lithium polyaromatic 
hydrocarbon complex in the first conductive solution disso- 
ciates from the lithium polyaromatic hydrocarbon complex, 
migrates through the solid lithium ionic conductor, and asso- 
ciates with the cathodic complex of the second conductive 
solution, and a current is generated. 
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LITHIUM-BASED HIGH ENERGY DENSITY 
FLOW BATTERIES 

CROSS-REFERENCE TO RELATED 

APPLICATIONS 5 

The current application claims priority to U.S. Provisional 
Application No. 61/603,754, filed Feb. 27, 2012 and U.S. 
Provisional Application No. 61/658,775 filed Jun. 12, 2012, 
the disclosures of which are incorporated herein by reference. 1 0 

STATEMENT OF FEDERAL FUNDING 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions ofPublic Law 96-517 in which the Contractor has 
elected to retain title. 

FIELD OF THE INVENTION 20 

The present invention generally relates to lithium-based 
high energy density flow batteries. 

BACKGROUND 2S 

“Flow batteries” have been considered for the storage and 
distribution of electrical energy. Like conventional batteries, 
flow batteries convert chemical energy of electro-active mate- 
rials into electrical energy. However, in contrast to conven- 30 
tional batteries, flow-batteries typically store electro-active 
materials externally with respect a cell stack, and the electro- 
active materials are usually only introduced during battery 
operation. Typically, the electro-active materials are in liquid 
form and are pumped to a cell stack when the battery is being 35 
operated. Accordingly, flow-batteries can confer a number of 
benefits with respect to conventional batteries including they 
may be safer insofar as the electro -active materials are stored 
externally and they may be rapidly recharged by simply sub- 
stituting the (typically liquid) externally stored electro-active 40 
materials. The viability and practicability of flow-batteries 
can be improved if they can more efficiently store and provide 
electrical energy, and if they can be produced more cost- 
effectively. Thus, there exists a need to develop more efficient 45 
and more cost-effective flow batteries. 

SUMMARY OF THE INVENTION 

Systems and methods in accordance with embodiments of 50 
the invention implement lithium-based high energy density 
flow batteries. In one embodiment, a lithium-based flow bat- 
tery includes: a first anodic conductive solution that com- 
prises a lithium polyaromatic hydrocarbon complex dis- 
solved in a solvent; a second cathodic conductive solution that 55 
comprises a cathodic complex dissolved in a solvent; and a 
solid lithium ionic conductor, disposed so as to separate the 
first conductive solution from the second conductive solution, 
such that the first conductive solution, the second conductive 
solution, and the solid lithium ionic conductor define a cir- 60 
cuit; where, when the circuit is closed, lithium from the 
lithium polyaromatic hydrocarbon complex in the first con- 
ductive solution dissociates from the lithium polyaromatic 
hydrocarbon complex, migrates through the solid lithium 
ionic conductor, and associates with the cathodic complex of 65 
the second cathodic conductive solution, and a current is 
generated. 


2 

In another embodiment, the first anodic conductive solu- 
tion includes a lithium-naphthalene complex dissolved in a 
solvent. 

In yet another embodiment, the first anodic conductive 
solution includes a solvent selected from one of: tetrahydro- 
fiiran, hexane, ethylene carbonate, propylene carbonate, dim- 
ethyl carbonate, diethyl carbonate, ethyl methyl carbonate, 
diethyl ether, dimethyl ether, gamma-butyrolactone, 
dimethoxyethane, dioxolane, methyl acetate, ethyl acetate, 
dimethyl acetamide, dimethyl formamide, dimethyl sulfox- 
ide, and mixtures thereof. 

In still another embodiment, the second cathodic conduc- 
tive solution includes one of: an organic species and an orga- 
nometallic species. 

In still yet another embodiment, the second cathodic con- 
ductive solution includes dichloro-dicyanoquinodimethane. 

In a further embodiment, the second cathodic conductive 
solution includes a solvent that is one of: tetrahydrofiiran, 
hexane, ethylene carbonate, propylene carbonate, dimethyl 
carbonate, diethyl carbonate, ethyl methyl carbonate, diethyl 
ether, dimethyl ether, gamma-butyrolactone, dimethoxy- 
ethane, dioxolane, methyl acetate, ethyl acetate, dimethyl 
acetamide, dimethyl formamide, dimethyl sulfoxide, and 
mixtures thereof. 

In a yet further embodiment, the second cathodic conduc- 
tive solution includes a lithium polysulfide. 

In a still yet further embodiment, the second cathodic con- 
ductive solution includes lithium poly sulfides in the form of 
Li T Sn where 3sns8 

In a further embodiment, the solid lithium ionic conductor 
is ceramic. 

In a still further embodiment, the solid lithium ionic con- 
ductor includes garnet phases. 

In yet another embodiment, the solid lithium ionic conduc- 
tor includes lithium lanthanum titanate. 

In another embodiment, the solid lithium ionic conductor is 
a solid polymer electrolyte. 

In a further embodiment, the solid polymer electrolyte 
includes copolymers. 

In a still further embodiment, the solid lithium ion conduc- 
tor is a LISICON. 

In yet another embodiment, a lithium-based flow battery 
includes: a cell that includes a first channel, a first current 
collector, the solid lithium ion conductor, a second channel, 
and a second current collector; a first pump for pumping the 
first anodic conductive solution through the first channel of 
the cell; a first tank for storing the first anodic conductive 
solution before it is pumped through the first channel of the 
cell; a second tank for storing the first anodic conductive 
solution after it has been pumped through the first channel of 
the cell; a second pump for pumping the second cathodic 
conductive solution through the second channel of the cell; a 
third tank for storing the second cathodic conductive solution 
before it has been pumped through the second channel of the 
cell; and a fourth tank for storing the second cathodic con- 
ductive solution after it has been pumped through the second 
channel of the cell; where the first current collector and the 
second current collector can conduct current generated by 
redox reactions that occur in the cell, and can thereby power 
a load. 

In another embodiment, one of the first pump and the 
second pump comprises a material selected from one of: 
silicon, Teflon, graphite, and Viton. 

In still another embodiment, at least one of the first current 
collector and the second current collector comprises one of: 
graphite paper, graphite felt, and Toray carbon paper. 
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In another embodiment, a lithium-based flow battery 
includes: a lithium-based anode; a cathode that is a conduc- 
tive solution that includes an oxidizing agent that can facili- 
tate the oxidation of the lithium-based anode; and a solid 
lithium ionic conductor, disposed so as to separate the 
lithium-based anode from the cathode, such that the lithium- 
based anode, the cathode, and the solid lithium ionic conduc- 
tor define a circuit; where, when the circuit is closed, lithium 
from the lithium-based anode migrates through the solid 
lithium ionic conductor, and associates with the oxidizing 
agent in the cathode, and a current is generated. 

In yet another embodiment, the lithium-based anode is a 
solid. 

In still another embodiment, the lithium-based anode is a 
conductive solution that includes a lithium polyaromatic 
hydrocarbon complex dissolved in a solvent. 

In still yet another embodiment, the cathode includes 
lithium polysulfides dissolved in a solvent. 

In a further embodiment, the cathode includes lithium 
poly sulfides in the form of Li x Sn where 3<n<8 

In a still further embodiment, the solvent is one of: tetrahy- 
drofuran, dimethyl sulfoxide, dimethyl formamide, diox- 
olane, dimethyl acetamide, dimethyl ether, dimethyl ether, a 
polar aprotic solvent, and mixtures thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 A illustrates the cell of a lithium-based high energy 
density flow battery during load powering in accordance with 
an embodiment of the invention. 

FIG. IB illustrates the cell of a lithium-based high energy 
density flow battery during recharging in accordance with an 
embodiment of the invention. 

FIGS. 2A-E illustrate organic cathode materials in accor- 
dance with embodiments of the invention. 

FIGS. 3A and 3B provide two data plots illustrating the 
discharge of a Li naphthalide/DDQ cell with a PVDF gel 
polymer electrolyte in accordance with an embodiment of the 
invention. 

FIG. 4 provides a reaction schematic of lithium polysul- 
fides in a flow battery in accordance with an embodiment of 
the invention. 

FIG. 5A provides a system flow diagram for the operation 
of a lithium-based high energy density flow battery that 
implements a conventional flow battery architecture. 

FIG. 5B provides a system flow diagram for the recharging 
of a lithium-based high energy density flow battery that 
implements a conventional flow battery architecture. 

FIG. 6 provides a schematic of a flow battery cell architec- 
ture that can be implemented in accordance with embodi- 
ments of the invention 

FIG. 7 illustrates a waffle pattern flow field that can be 
implemented in a flow battery in accordance with an embodi- 
ment of the invention. 

DETAILED DESCRIPTION 

Turning now to the drawings, systems and methods for 
implementing lithium-based high energy density flow batter- 
ies are illustrated. In many embodiments, lithium-based high 
energy density flow batteries include a pair of coupled elec- 
trodes fonned from solvated electron solutions (SES) having 
a potential energy difference there between and an ionically 
conducting separator. In many embodiments, the solvated 
electron solutions include a first anodic conductive solution 
that includes an anodic lithium polyaromatic hydrocarbon 
complex (Li-PAH 4 ) dissolved in a suitable solvent, and a 
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second cathodic conductive solution that can include a 
cathodic polyaromatic hydrocarbon complex (PAHg) or 
cathodic lithium polysulfide complex dissolved in a suitable 
solvent. In many embodiments, the ionically conducting 
5 separator includes a Solid Lithium Ion Conductor (SLIC). 
The first anodic conductive solution, the second cathodic 
conductive solution, and the Solid Lithium Ion Conductor 
(SLIC) may be arranged so as to form the circuit of a flow 
battery; when the circuit is closed, current is generated, and 
to lithium ions dissociate from the lithium polyaromatic hydro- 
carbon complex in the first anodic conductive solution, 
migrate through the SLIC, and associate with the cathodic 
complex of the second cathodic conductive solution. In 
embodiments where the cathode complex includes a polyaro- 
15 matic hydrocarbon, this lithium ion exchange between SES 
systems may be characterized by the following redox reac- 
tions 



Oxidation: Li„(PAH ^)=>wLi + +Ke-+PAH A 

(i) 

20 

Reduction: Li + +«e-+PAH 5 =>Li„(PAH 5 ) 

(2) 


Cell Reaction: Li M (PAH^)+PAH 5 =PAH^+Li w (PAH s ) 

(3) 


In these embodiments, the first conductive solution acts as an 
anode insofar as it undergoes oxidation, while the second 
25 conductive solution acts as a cathode insofar as it undergoes 
reduction. 

FIG. 1A illustrates the cell of a flow battery that utilizes 
polyaromatic hydrocarbons to facilitate redox reactions and 
thereby provide a lithium-based high energy density flow 
30 battery. In the illustrated embodiment, the flow battery cell 
100 includes an anodic lithium polyaromatic hydrocarbon 
complex (Li-PAHj) solution 102, a cathodic polyaromatic 
hydrocarbon complex (PAHg) solution 104, a Solid Lithium 
Ion Conductor 106, and current collectors 108. The flow 
35 battery cell powers a load 110. When the flow battery cell 
circuit is closed, e.g. when it is powering a load, the redox 
reactions result in electrons flowing from the Li-PAH^, com- 
plex solution 102 to the PAHg complex solution 104, and 
accordingly an exchange of lithium cations from the Li-PAH^ 
40 complex solution 102 to the PAHg complex solution 104. 
Note that unlike many conventional batteries, because the ion 
and electron exchange occurs primarily chemically within the 
SES systems and not at the current collectors, the current 
collectors 108 are used primarily for current collection pur- 
45 poses and are largely not consumed by the chemical reac- 
tions. Therefore, generally speaking, they do not undergo 
morphological or interfacial changes — in conventional bat- 
teries, it can be problematic if electrodes/current collectors 
undergo morphological or interfacial changes. Note also that 
50 because the SES systems making up the anode (anolyte) and 
cathode (cathloyte) are electronically conducting, the flow 
battery can function without a salt bridge; e.g., the lithium 
ions that dissociate from the Li-PAH 4 themselves directly 
participate in the reduction at the cathode. 

55 Additionally, in many embodiments, a lithium-based high 
energy density flow battery is rechargeable. FIG. IB illus- 
trates the recharging of a flow battery similar to that depicted 
in FIG. 1A. In the illustrated embodiment, the flow battery 
150 has ‘died’ in that lithium has substantially dissociated 
60 from the PA I \ A complex and associated with PAHg complex. 
Accordingly, when the flow battery 150 is supplied with 
electrical energy, e.g. from a power source 160, lithium cation 
and electron migration to the PAH 4 solution can be induced, 
thereby causing the formation of Li-PAH 4 , and effectively 
65 recharging the flow battery. Lithium ions thus shuttle from the 
anodic SES to the cathodic SES upon discharge and vice 
versa on charge. 
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Notably, a lithium-based high energy flow battery in accor- 
dance with embodiments of the invention can yield substan- 
tial improvements over conventional flow batteries. For 
example, a conventional Vanadium Redox Flow Battery 
(“VRB”) has a specific energy of approximately 25 Wh/kg, an 5 
energy density of approximately 20-30 Wlr/L, a cell voltage 
of 1.41 V, and a cost of approximately $180/Wh. Conversely, 
a lithium-based high energy density flow battery in accor- 
dance with embodiments of the invention may achieve the 
following metrics: a specific energy of approximately 290 10 
Wh/kg; an energy density of approximately 350 Wh/L; a cell 
voltage of approximately 2 V; and a cost of approximately 
$90/Wh. Accordingly, in many embodiments, a lithium- 
based high energy density flow battery can be used to support ; . 
a power grid by storing and/or distributing electrical energy 
efficiently. In numerous embodiments, a lithium-based high 
energy density flow battery can be used in conjunction with 
transportation systems. 

Of course, the particular electrical capabilities of lithium- 20 
based high energy density batteries will be contingent on the 
particular configuration and the exact materials used to con- 
struct the flow battery’s various constituent components. 
Configurations and constituent materials that can be used to 
construct a lithium-based high energy density battery in 25 
accordance with embodiments of the invention are now dis- 
cussed below. 

Lithium-Based Anode 

In many embodiments, a lithium-based high energy den- 
sity flow battery utilizes a lithium-based anode in generating 30 
current. In particular, oxidation takes place at the lithium- 
based anode, and thereby forms electrons that can be used in 
generating current. The lithium-based anode can be a liquid 
or it can be a solid for example. Importantly, the lithium- 
based anode can be conductive, and a liquid lithium-based 35 
anode that is conductive can be referred to as an “anolyte.” It 
can be desirable for the lithium-based anode to have the 
following characteristics: 1) high mass and volume capacity 
of the anode (e.g. measured in Ah/kg and Ah/1, respectively); 

2) low working voltage, e.g. less than 1 V as compared to 40 
lithium; 3) electrochemical reversibility; 4) compatibility in a 
flow battery system that utilizes fast reaction kinetics; 5) low 
cost; and/or 6) low toxicity. Thus, a lithium-based anode may 
be used that achieves one or more of these goals. 

In many embodiments, a liquid lithium-based anolyte 45 
includes an electron donor metal, i.e. lithium, and an electron 
acceptor that are combined in a solvent and form a solvated 
electron solution, the combination being capable of partici- 
pating in oxidation and reduction reactions useful for a 
rechargeable flow battery. Lithium salts may also be added to 50 
the anolyte to further enhance performance in accordance 
with some embodiments. Suitable solvents that can be used 
include: tetrahydrofuran, hexane, ethylene carbonate, propy- 
lene carbonate, dimethyl carbonate, diethyl carbonate, ethyl 
methyl carbonate, diethyl ether, dimethyl ether, gamma-bu- 55 
tyrolactone, dimethoxyethane, dioxolane, methyl acetate, 
ethyl acetate, dimethyl acetamide, dimethyl fonnamide, and/ 
or dimethyl sulfoxide, as well as other organic carbonates, 
esters, and ethers that serve as polar aprotic solvents. Addi- 
tionally, the solvent that is used can be a mixture of the 60 
aforementioned solvents. Mixed solvents may provide 
enhanced ionic conductivities as compared to single solvents. 
Generally, it may be preferable to use a solvent that has a high 
solubility, e.g. one that can dissolve up to approximately 1 5 M 
of electron donor metals, electron acceptors, and the lithium 65 
salt. Under these circumstances, the anolyte may have suffi- 
cient energy density. 
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In many embodiments, the lithium-based anolyte includes 
lithium (acting as an electron donor metal) and naphthalene 
(acting as an electron acceptor), combined at a concentration 
of 10 M in a suitable organic solvent, the combination being 
capable of participating in oxidation and reduction reactions 
useful for rechargeable systems. The theoretical energy den- 
sity of a lithium-naphthalene anolyte can be approximated in 
accordance with the formula: 

E=ncFV/3600d (4) 

where: E is the energy density in Wh/kg; n is the ratio of 
lithium to naphthalene, c is the naphthalene concentration in 
mol/L; F is the Faraday constant; V is the average open-circuit 
voltage; and d is the solution density in kg/L. For naphthalene 
in a tetrahydrofuran solvent and using a 3 .0 V cathode (e.g. an 
oxygen cathode), we can assume: n=2; c=12.4 M; d~l kg/L; 
and V=2.7 V. In accordance with these parameters, the theo- 
retical energy density is roughly 1800 Wh/kg. By contrast, a 
lithium-graphite anode has a theoretical energy density of 
about 1 000 Wh/kg. 

In addition to naphthalene, other polycyclic aromatic com- 
pounds can be used, including, but not limited to, anthracene, 
tetracene, pentacene, azulene, phenanthrene, C60 and C70. 

Although particular implementations of the lithium-based 
anodes have been elaborated on, any of a variety of constitu- 
ent components can be incorporated to provide a lithium- 
based anolyte in accordance with embodiments of the inven- 
tion. For example, different electron receptors, solvents, and 
reactant concentrations may be used to provide a lithium- 
based anolyte, all in accordance with embodiments of the 
invention. Additionally, although a anolyte has been elabo- 
rated on, a solid metal lithium anode may also be used. Alter- 
nately, various lithium alloys, such as Li — Si, Li — Sb, 
Li — Sn and Li — A1 or even graphite or carbon (MCMB), may 
be used as anodes in the proposed flow batteries. Where a 
solid metal lithium metal or alloy anode is used in conjunction 
with a liquid cathode (discussed below) to form a flow battery, 
the flow battery can be characterized as a “hybrid flow bat- 
tery”. Additionally, an anode/anolyte may be used that is 
compatible with sufficiently expedient electrochemical kinet- 
ics, e.g. greater than approximately 50 mA/cm 2 . For example, 
the anode/anolyte may include an electrocatalyst to further 
expedite the electrochemical kinetics. The kinetics of the 
oxidation reactions occurring at the anode/anolyte may also 
be at least partly a function of the current collector, and the 
current collector is discussed below. 

Current Collector 

In many embodiments, a lithium-based high energy den- 
sity flow battery uses current collectors to conduct current 
resulting from the redox reactions. Unlike in conventional 
batteries where an electrode functions as a current collector, 
in flow batteries where liquid anodes and cathodes are used, 
the current collectors are not necessarily consumed. Instead 
they generally function to exclusively conduct current. 
Accordingly, the current collectors may not be subject to any 
substantial morphological or interfacial changes, and can 
thereby sustain a longer cycle life. Of course, where a solid 
metal lithium anode is used, the solid lithium anode may be 
consumed, and undergo morphological and/or interfacial 
changes during cycling. 

The current collectors may be fabricated from graphite and 
may be configured to provide a hi gh surface area so as to 
facilitate reaction kinetics. For instance, in many embodi- 
ments, graphite current collectors are used and facilitate the 
development of a current density of greater than approxi- 
mately 50 mA/cm 2 within a lithium-based high energy den- 
sity flow battery. Graphite paper, graphite felt, and/or Toray 
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carbon paper may also be used in accordance with embodi- 
ments of the invention. Of course, although particular mate- 
rials have been referenced in the fabrication of current col- 
lectors, any suitable material may be used to fabricate current 
collectors that can be used in lithium-based high energy den- 5 
sity batteries. The solid lithium ion conducting membrane is 
now discussed. 

Solid Lithium Ion Conducting (SLIC) Membrane 

In many embodiments, a lithium-based high energy den- 
sity flow battery includes a solid lithium ion conducting to 
(“SLIC”) membrane to allow lithium cations to flow to and 
from the cathode during battery operation and charging 
respectively. In particular, in the context of a lithium-based 
high energy density flow battery, the oxidation of a lithium- 
based anode causes the production of electrons and lithium 15 
cations. When the flow battery circuit is closed, the electrons 
can flow through the current collectors and the load to the 
cathode (during battery discharging), whereas on the other 
hand, the lithium cations can flow through the SLIC mem- 
brane to the cathode. Accordingly, it may be desirable that the 20 
SLIC membrane have: high lithium ion conductivity, e.g. 
greater than 10 -3 S/cm2, with unit transport number (single 
ion conductor); good electrochemical stability at the anode 
and cathode potentials, e.g. between approximately 0.5 V and 
approximately 4.5 V; non-penneability to the reactant solu- 25 
tions; mechanical rigidity (without swelling); and adequate 
mechanical flexibility for cell fabrication. It may be further 
preferable that the SLIC membrane is scalable, e.g. from 25 
cm 2 membrane to a 150 cm 2 membrane. 

The SLIC membrane can be implemented using any vari- 30 
ety of suitable materials. In many embodiments, the SLIC 
membrane is implemented using ceramic/glassy solid lithium 
conductors. These materials are advantageous in temis of 
being mechanically robust with less swelling in organic sol- 
vents. The ceramic/glassy solid lithium conductors may be 35 
thin, pore-free, and have high ionic conductivity. The 
ceramic/glassy SLIC membrane may also be sufficiently flex- 
ible to be operable in the context of a lithium-based high 
energy density flow battery. In many embodiments, the 
ceramic/glassy SLIC membrane is achieved using garnet 40 
phases. Ceramic/glassy SLIC membranes based on garnet 
phases can provide high lithium ionic conductivity, can be 
chemically and electrochemically stable at the electrode, and 
can further be inherently safe. For example Li 7 _ T La 3 Hf 2 „ r 
Ta T 0 12 is a garnet oxide that may be used to form the SLIC 45 
membrane. Similar solid electrolytes include lithium lantha- 
num titanate and lithium phosphorous oxynitride (LiPON). 
Likewise, a commercial ceramic electrolyte such as Ohara 
may be utilized, Such a material may be formed by taking the 
constituent elements in their stoichiometric proportions, mix- 50 
ing them with a mortar and pestle before reacting them at 950° 

C. for 12 hours. The resultant product may then be reground 
and pressed into pellets. The pellets may be transferred to an 
alumina crucible layer and covered with mother powder from 
all sides, followed by sintering at high temperature to form a 55 
single-phase material. Electrical conductivity measurements 
have confirmed a room temperature Li + conductivity of 0.345 
mS/cm for the pellets, where 0.4<x<0.5. Subsequently, the 
garnet pellets may be ground, mixed with 1 wt. % PVB 
(polyvinyl butyrate) binders and 10 wt. % carbon, pressed 60 
into a pellet with a size of 1 " diameters and 1 mm thickness 
and sintered in air at 1100° C. for 24 hours to produce the 
membrane. The details of the formation of such a material 
were published by A. Gupta, et al., in J. Power Sources 201 2, 
209, 184 and also published by H. Xie, et al., in J. Electro- 65 
chem. Soc., 2012, the publications of which are hereby incor- 
porated by reference. Similar processes may be used to 
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develop more pliable SLIC membranes. Additionally, Sol-gel 
processing/slurry coatings may be used to produce dense 
layers of these materials. 

Lithium solid polymer electrolytes may also be used to 
implement SLIC membranes in accordance with embodi- 
ments of the invention. For example, a polyethylene oxide 
(PEO)-based solid polymer may be used, as such polymers 
demonstrate good Li + ionmobility at 80° C. In many embodi- 
ments, the lithium solid polymer electrolyte is stabilized by 
using bridging ethers in the PEO but removing these ether 
moieties from the primary backbone of the polymer to 
improve stability. For example, 12-crown-4 ethers, known to 
stabilize Li+, can be used as a pendant moiety on a backbone 
of polystyrene, polyethylene, or polysulfone. 

Although particular SLIC membrane structures have been 
described, SLIC membrane structures may be implemented 
in any variety of ways. For example, the SLIC membrane may 
be a PVDF gel polymer. Additionally, in some embodiments 
the SLIC membrane structure is implemented using Lithium 
Superionic Conductors (LISICON) and/or lithium thiophos- 
phate. Cathode structures that can be incorporated in to 
lithium-based high energy density flow batteries are dis- 
cussed below. 

Liquid Organic Cathodes 

A lithium-based high energy density flow battery utilizes a 
liquid organic cathode in many embodiments (liquid cath- 
odes that are conductive can be referred to as “catholytes”). 
For example, a solvated electron system (e.g. similar to the 
anolyte described above) may be used as a cathode, or the 
cathodes may be based on organometallic complexes. It is 
preferable that the cathode have: 1) high mass and volume 
capacity of the anode (e.g. measured in Ah/kg and Ah/1, 
respectively); 2) high working voltage, for example greater 
than approximately 3 V as compared to lithium; 3) electro- 
chemical reversibility; 4) compatibility in a flow battery sys- 
tem that utilizes fast reaction kinematics; 5) low cost; and/or 
6) low toxicity. 

In many embodiments, liquid organic cathodes may be 
realized by dissolving any of a wide range of organic and 
organometallic species, including dichloro-dicyanoquin- 
odimethane (DDQ), molybdenum tris-l,2-bis(trifluorom- 
ethyl)ethane-l,2-dithiolene (Mo(tfd) 3 ), 3-BrN, 3-CNN, and 
6-BrN, in certain solvents of electrochemical interest, e.g. 
tetraliydrohiran, hexane, ethylene carbonate, propylene car- 
bonate, dimethyl carbonate, diethyl carbonate, ethyl methyl 
carbonate, diethyl ether, dimethyl ether, gamma-butyrolac- 
tone, dimethoxyethane, dioxolane, methyl acetate, ethyl 
acetate, dimethyl acetamide, dimethyl formamide, and/or 
dimethyl sulfoxide, as well as other organic carbonates, 
esters, and ethers that serve as polar aprotic solvents, or even 
mixtures thereof. The following reduction potentials have 
been demonstrated: DDQ=3.5 V; Mo(tfd) 3 =4.0 V forthe first 
reduction and 3.5 V for the second reduction; 3-BrN=4.1 V; 
3-CNN=4.5 V; 6 BrN=4.7 V. FIGS. 2A-2E depict the chemi- 
cal structures of the aforementioned species. In particular, 
FIG. 2A illustrates DDQ, FIG. 3B illustrates Mo(tfd)3, FIG. 
2C illustrates 3-BrN, FIG. 2D illustrates 3-CNN, and FIG. 2E 
illustrates 6-BrN. FIGS. 3A and 3B illustrate the discharge 
capacity of a Li-naphthalide/DDQ cell with a PVDF gel poly- 
mer electrolyte. 

In many embodiments, the flow battery may rely on redox 
reactions that exhibit multi-lithium reduction (thereby gener- 
ating a greater potential difference). For example, in several 
embodiments, the liquid organic cathode is based on organo- 
metallic complexes such as molybdenum tris[l,2-bis(trifluo- 
romethyl) ethane-1, 2-dithiolene], and thereby results in 
multi-lithium reduction. 
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The energy density (Ah/L) of the final flow cell design will 
depend significantly on the solubility of the cathode species 
in both oxidized and reduced forms. The liquid organic cath- 
odes may also be modified through employing custom-modi- 
fied cathode materials, e.g. improving solubility through suit- 5 
able alkylation, or improving electrochemical stability 
through introduction of “blocking” group substitution. Like 
the anolyte, it is preferable that the catholyte have a reactant 
concentration of greater than approximately 10 M. Addition- 
ally, like the anolyte, lithium salts may be included to increase 1 0 
electrical properties, and electrocatalysts may be included to 
facilitate electrochemical kinetics. 

Although particular liquid organic cathodes have been 
elaborated on, many different types of cathodes can be used in ; . 
accordance with embodiments of the invention. For example, 
sulfur-based cathodes may be incorporated in accordance 
with embodiments of the invention, and this is discussed 
below. 

Polysulfide Cathode 20 

In numerous embodiments, a lithium-based high energy 
density flow battery incorporates a soluble polysulfide cath- 
ode, or catholyte. Sulfur-based cathodes are desirable in view 
of their low cost and environmental compatibility. Moreover, 
sulfur based cathodes have historically demonstrated excel- 25 
lent performance and cycle life in high temperatures, and can 
have good electrochemical reactivity. Nonetheless, the incor- 
poration of sulfur-based cathodes has been problematic in 
conventional lithium-sulfur batteries. However, the inventors 
of the instant application have successfully been able to incor- 31 1 
porate sulfur-based catholytes in lithium-based high energy 
density flow batteries. For example, in several embodiments, 
polysulfide, e.g. S 3 -S 8 , is dissolved in one of the following 
solvents: tetrahydrofuran, dimethyl sulfoxide, dimethyl for- , s 
mamide, dioxolane, dimethyl acetamide, dimethyl ether, 
diethyl ether, and other polar aprotic solvents. In many 
embodiments polysulfide is dissolved in a combination of 
solvents; the electrical properties of the catholyte may be 
enhanced when a combination of solvents is used. Note that 40 
the solubility of polysulfides can vary greatly based on dif- 
ferent solvents. In numerous embodiments, polysulfide is 
dissolved at a concentration of greater than approximately 10 
M. In many embodiments, solvents with high basicity are 
used. Importantly, the polysulfides can be selected so that 45 
they maintain their solubility even when they associate with 
the lithium cations; in this way, they can maintain their com- 
patibility with the redox reactions that occur in a flow battery. 

In particular, the polysulfide catholytes can be selected such 
that they cause the reduction of Li + such that Li T S„ products 50 
are formed, where n is greater than or equal to 3 and less than 
or equal to 8 — in this range of n, the polysulfide may be 
soluble. However, note that polysulfide solubilities can vary 
widely in different solvents as a result of solvent-solute inter- 
actions. The formation of Li 2 S„ in certain aprotic media can 55 
be accomplished either by electrochemical reduction of S 8 or 
by direct in situ reaction of S 8 with Li or Li 2 S. In many 
embodiments, the polysulfide — solvent combination is 
selected so that a specific capacity of approximately 500 
mAli/g and a current density of approximately 50 mA/cm 2 is 60 
achieved. In several embodiments, polysulfide catholytes are 
used that have a specific capacity of between approximately 
900-1000 mAli/g at a voltage of about 2.1 V. 

FIG. 4 illustrates of the redox reactions of a polysulfide 
catholyte in a flow battery in accordance with embodiments 65 
of the invention. Note that in the illustrated embodiment, the 
polysulfides cause reduction. Additionally, note that the 


lithium-polysulfide compound is soluble in the form Li 2 S„, 
where n is greater than or equal to 3 and less than or equal to 
8 . 

Of course there exist many combinations and permutations 
of the above-described constituent materials that can be 
implemented in accordance with embodiments of the inven- 
tion to provide a lithium-based high energy density flow 
battery. The above description is simply meant to be illustra- 
tive, and not limiting. Design configurations of the flow bat- 
tery are now discussed. 

Flow Battery Architectures and Flow Battery Cell Design 

Lithium-based high energy density flow batteries can 
employ standard flow-battery architectures. For example, 
flow batteries architectures where the anolyte and catholyte 
are pumped from an initial tank through a flow battery cell, 
and into a second tank can be implemented. FIG. 5A illus- 
trates a lithium-based high energy density flow battery that 
uses a lithium-naphthalene anolyte and that employs a con- 
ventional flow battery architecture in accordance with 
embodiments of the invention. In the illustrated embodiment, 
a tank 502 contains a lithium-naphthalene complex that 
serves as the anolyte. A pump 504 pumps the anolyte through 
a cell 506 that includes a SLIC membrane 508 and current 
collectors 510. As the lithium-naphthalene flows through the 
cell 506, lithium is oxidized thereby producing lithium cat- 
ions and corresponding electrons; the oxidation is induced by 
the simultaneous flow of a catholyte through the cell 506. In 
particular, a second tank 512 houses a catholyte, and a second 
pump 514 pumps the catholyte through the cell 506, which 
thereby facilitates the redox reactions. Electrons resulting 
from the oxidation can flow through the current collector 510 
from the anolyte side, power a load 548, and flow through the 
current collector 510 on the catholyte side. Lithium cations 
formed from the oxidation can flow through the SLIC mem- 
brane and thereby prevent a charge build-up. As the anolyte 
leaves the cell 506, it is stored in a tank 516. Similarly, as the 
catholyte leaves the cell 506, it is stored in a tank 518. Note 
that, lithium cations have migrated from the anolyte to the 
catholyte; therefore the anolyte becomes a naphthalene solu- 
tion (to the extent that lithium has dissociated from the 
lithium-naphthalene complex) after it passes through the cell 
506. and the catholyte becomes a Li-catholyte solution (to the 
extent that lithium has associated with the oxidizing agent) as 
it leaves the cell 506. 

In many embodiments, the lithium-based high energy den- 
sity flow battery can be operated reversibly using a standard 
flow -battery architecture; in other words, it can be “charged”. 
FIG. 5B illustrates the charging of the lithium-based high 
energy density flow battery seen in FIG. 5A. FIG. 5B is 
similar to FIG. 5A, except that the flow battery 550 is being 
operated in reverse and is thereby being charged. Therefore, 
instead of a load 548 being powered by the flow battery, a 
power source 552 is charging the flow battery. Accordingly, 
the lithium catholyte solution and naphthalene solution are 
being pumped through the cell 556 in a reverse direction with 
respect to that illustrated in FIG. 5A. The power source 552 
causes the oxidation of the lithium-catholyte solution, and as 
a result, lithium cations flow from the lithium catholyte solu- 
tion and adjoin with the naphthalene solution to form the 
lithium-naphthalene solution. 

Additionally, a lithium-based high energy density flow 
battery in accordance with many embodiments can imple- 
ment a standard flow-battery cell architecture. For example, 
in some embodiments, a stacked cell architecture is used. A 
tubular flow-battery design may also be implemented. In 
many embodiments, a parallel plate architecture is imple- 
mented, and in-field manifolding, combined with bipolar 
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plate design, is used. In some embodiments, the stack biplates 
are fabricated from one of: Kynar-carbon and CVD coated 
POCO-graphite. FIG. 6 illustrates a standard high-level flow- 
battery cell architecture that uses a parallel plate architecture 
in accordance with embodiments of the invention. In particu- 
lar, the flow-battery cell 600 includes a SLIC membrane 602, 
current collectors 604, and bipolar plates 606 for stacking 
cells. 

Since, in many embodiments, both the oxidized and 
reduced form of the anolyte and catholyte can exist in solu- 
tion, proper plate design comes down to a balance between 
electronic transport in the solid phase and ionic transport in 
the liquid phase. Since the ionic transport is orders of mag- 
nitude slower, it can be prudent to have a porous electrode that 
provides an electron donating/accepting surface anywhere 
that a redox active species can reach. The principle effort in 
this task will be to balance the need for high surface area, 
small channel flow to maximize electron transfer rates with 
the mechanical demands of sufficiently low pressure drop to 
minimize the balance-of-plant issues. 

In many embodiments, a waffle-pattern flow field is used 
within the cell . By way of example, FIG. 7 illustrates a waffle- 
pattern flow field that can be implemented in accordance with 
embodiments of the invention. A serpentine flow may also be 
implemented. The pump material and gasket material (used in 
pumping the anolyte and catholyte through the cell) may be 
fabricated from one of: silicon, Teflon, graphite, andViton. In 
a number of embodiments, Toray carbon paper is used as the 
current collector, for both the anode and the cathode. In many 
embodiments, either graphite paper or felt is used for the 
current collector. 

Using conventional architectures, lithium-based flow bat- 
teries in accordance with embodiments of the invention can 
achieve profound energy storage and distribution efficiencies. 
For example, in many embodiments, the lithium-based high 
energy density flow-battery is configured to produce 100 W, 
and in numerous embodiments, the lithium-based flow bat- 
tery is configured to produce 1 kW. In a number of embodi- 
ments, the lithium-based flow battery has a current density of 
50 mA/cm 2 , with a voltage of 2.5 V. In many embodiments, a 
lithium-based flow battery includes 30 cell stacks, has an 
active cell area of 750 cm 2 , provides 14.7 Amps, and can 
provide for approximately 75 Volts. 

As can be inferred from the above discussion, the above- 
mentioned concepts can be implemented in a variety of 
arrangements in accordance with embodiments of the inven- 
tion. Accordingly, although the present invention has been 
described in certain specific aspects, many additional modi- 
fications and variations would be apparent to those skilled in 
the art. It is therefore to be understood that the present inven- 
tion may be practiced otherwise than specifically described. 
Thus, embodiments of the present invention should be con- 
sidered in all respects as illustrative and not restrictive. 

What is claimed is: 

1. A lithium-based flow battery comprising: 

a first anodic conductive solution that comprises a lithium 
polyaromatic hydrocarbon complex dissolved in a sol- 
vent; 

a second cathodic conductive solution that comprises a 
cathodic complex dissolved in a solvent; and 

a solid lithium ionic conductor, disposed so as to separate 
the first conductive solution from the second conductive 
solution, such that the first conductive solution, the sec- 
ond conductive solution, and the solid lithium ionic con- 
ductor define a circuit; 

wherein, when the circuit is closed, lithium from the 
lithium polyaromatic hydrocarbon complex in the first 
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conductive solution dissociates from the lithium pol- 
yaromatic hydrocarbon complex, migrates through the 
solid lithium ionic conductor, and associates with the 
cathodic complex of the second cathodic conductive 
5 solution, and a current is generated. 

2. The lithium-based flow battery of claim 1, wherein the 
first anodic conductive solution comprises a lithium-naphtha- 
lene complex dissolved in a solvent. 

3. The lithium-based flow battery of claim 2, wherein the 
111 first anodic conductive solution comprises a solvent selected 

from one of: tetrahydrofuran, hexane, ethylene carbonate, 
propylene carbonate, dimethyl carbonate, diethyl carbonate, 
ethyl methyl carbonate, diethyl ether, dimethyl ether, gamma- 
15 butyrolactone, dimethoxy ethane, dioxolane, methyl acetate, 
ethyl acetate, dimethyl acetamide, dimethyl formamide, dim- 
ethyl sulfoxide, and mixtures thereof. 

4. The lithium-based flow battery of claim 2, wherein the 
second cathodic conductive solution comprises one of: an 

20 organic species and an organometallic species. 

5. The lithium-based flow battery of claim 4, wherein the 
second cathodic conductive solution comprises dichloro-di- 
cyanoquinodimethane. 

6. The lithium-based flow battery of claim 5, wherein the 
2 5 second cathodic conductive solution compri ses a solvent that 

is one of: tetrahydrofuran, hexane, ethylene carbonate, pro- 
pylene carbonate, dimethyl carbonate, diethyl carbonate, 
ethyl methyl carbonate, diethyl ether, dimethyl ether, gamma- 
butyrolactone, dimethoxyethane, dioxolane, methyl acetate, 
30 ethyl acetate, dimethyl acetamide, dimethyl formamide, dim- 
ethyl sulfoxide, and mixtures thereof. 

7. The lithium-based flow battery of claim 2, wherein the 
second cathodic conductive solution comprises a lithium 
polysulfide. 

35 8. The lithium-based flow battery of claim 2, wherein the 

second cathodic conductive solution comprises lithium 
polysulfides in the form of Li r S„ where 3sn<8. 

9. The lithium-based flow battery of claim 5, wherein the 
solid lithium ionic conductor is ceramic. 

40 10. The lithium-based flow battery of claim 9, wherein the 

solid lithium ionic conductor includes garnet phases. 

11 . The lithium-based flow battery of claim 10, wherein the 
solid lithium ionic conductor includes lithium lanthanum 
titanate. 

45 12. The lithium-based flow battery of claim 5, wherein the 

solid lithium ionic conductor is a solid polymer electrolyte. 

13 . The lithium-based flow battery of claim 12, wherein the 
solid polymer electrolyte comprises copolymers. 

14. The lithium-based flow battery of claim 5, wherein the 
50 solid lithium ion conductor is a LISICON. 

15. The lithium-based flow battery of claim 2, further com- 
prising: 

a cell, itself comprising a first channel, a first current col- 
lector, the solid lithium ion conductor, a second channel, 
55 and a second current collector; 

a first pump for pumping the first anodic conductive solu- 
tion through the first channel of the cell; 

a first tank for storing the first anodic conductive solution 
before it is pumped through the first channel of the cell; 
60 a second tank for storing the first anodic conductive solu- 
tion after it has been pumped through the first channel of 
the cell 

a second pump for pumping the second cathodic conduc- 
tive solution through the second channel of the cell; 

65 a third tank for storing the second cathodic conductive 
solution before it has been pumped through the second 
channel of the cell; and 
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a fourth tank for storing the second cathodic conductive 
solution after it has been pumped through the second 
channel of the cell; 

wherein the first current collector and the second current 
collector can conduct current generated by redox reac- 5 
tions that occur in the cell, and can thereby power a load. 

16. The lithium-based flow battery of claim 15, wherein at 
least one of the first pump and the second pump comprises a 
material selected from one of: silicon, Teflon, graphite, and 
Viton. 

17. The lithium-based flow battery of claim 16, wherein at 
least one of the first current collector and the second current 
collector comprises one of: graphite paper, graphite felt, and 
Toray carbon paper. 

18. A lithium-based flow battery comprising: 

a lithium-based anode; 

a cathode that is a conductive solution that includes an 
oxidizing agent that can facilitate the oxidation of the 
lithium-based anode; and 

a solid lithium ionic conductor, disposed so as to separate 
the lithium-based anode from the cathode, such that the 
lithium-based anode, the cathode, and the solid lithium 
ionic conductor define a circuit; 
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wherein, when the circuit is closed, lithium from the 
lithium-based anode migrates through the solid lithium 
ionic conductor, and associates with the oxidizing agent 
in the cathode, and a current is generated. 

19. The lithium-based flow battery of claim 18, wherein, 
the lithium-based anode is a solid. 

20. The lithium-based flow battery of claim 18, wherein the 
lithium-based anode is a conductive solution that includes a 
lithium polyaromatic hydrocarbon complex dissolved in a 

10 solvent. 

21 . The lithium-based flow battery of claim 20, wherein the 
cathode includes lithium polysulfides dissolved in a solvent. 

22. The lithium-based flow battery of claim 21 , wherein the 
15 cathode includes lithium poly sulfides in the form of Li r S„ 

where 3<n<8. 

23. The lithium-based flow battery of claim 22, wherein the 
solvent is one of: tetrahydrofuran, dimethyl sulfoxide, dim- 
ethyl fonnamide, dioxolane, dimethyl acetamide, dimethyl 

20 ether, dimethyl ether, a polar aprotic solvent, and mixtures 
thereof. 



